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Introduction
The incidence of mortality and morbidity in dialysis patients is a major global concern because the public health burden is consistently high [1] . Independent associations between reduced estimated glomerular filtration rate (eGFR) and the risk of death, cardiovascular events, and hospitalization have been reported [2] . Differences in dialysis mortality are not, however, fully explained by comorbidities or traditional risk factors [2] . Recent speculation has focused on mineral bone disorders (MBDs), including dysregulated hormone balance and altered inflammatory cytokines, as a key factor in the pathogenesis of chronic kidney disease (CKD) [3, 4] .
High levels of serum calcium, phosphate, calcium-phosphate product, and parathyroid hormone (PTH) are associated with all-cause and cardiovascular-specific mortality in patients with kidney disease [5] [6] [7] [8] . In addition, these relationships are observed more clearly when parameters are analyzed as a time-dependent or cumulative time-dependent variable rather than as a baseline value [8] . Vascular calcification, altered cardiac morphological characteristics, and inflammation have been suggested to mediate this relationship [9] [10] [11] [12] [13] [14] . However, less effort has gone into assessing the relationship between low levels of serum calcium or phosphate and mortality in dialysis patients because of the rarity of these conditions [7] . Hence, many aspects of the association between mineral metabolism parameters and mortality are still unknown.
The aim of this study was to investigate the prognostic value of serum calcium and phosphate levels relative to mortality in a large prospectively collected national dialysis cohort. Using longitudinal measures of mineral metabolism parameters, we characterized the risk of cause-specific mortality as well as crude mortality associated with different serum calcium and phosphate levels in dialysis patients.
Materials and methods

Study cohort
This cohort study was performed using data from the Clinical Research Center for End Stage Renal Disease (CRC for ESRD) in Korea, which is a nationwide, multi-center, prospective observational cohort study (NCT00931970). The study cohort has been described in detail in 
Competing interests:
The authors have declared that no competing interests exist.
Data collection
Data for patient demographics, primary renal disease, comorbid conditions, and laboratory data were collected at study enrollment. Comorbid conditions and laboratory data were assessed at baseline, 3 months, and 6 months after the initiation of dialysis with subsequent 6-month follow-up examinations (Fig 1) . Comorbid conditions included a history of diabetes, congestive heart failure, coronary artery disease, cerebrovascular disease, chronic lung disease, moderate or severe liver disease, and malignancy. The laboratory data set included hemoglobin, serum albumin, blood urea nitrogen, creatinine, eGFR, C-reactive protein (CRP), total cholesterol, ferritin, PTH, calcium, and phosphate levels retrospectively. Mortality was classified as all-cause, cardiovascular, and infection-related. Cardiovascular mortality in patients was defined as death attributable to myocardial infarction, heart failure, arrhythmia, cerebrovascular accident, or sudden death. The primary outcome measure was time to death from any cause. Date and cause of death were reported within 1 month after the event and ascertained by data from Statistics Korea. Patient outcomes were consistently assessed through study period. Patients were censored at the time of kidney transplantation. 
Statistical analysis
Results
Patient characteristics
Our study included 1,998 (61.9%) HD patients and 1,228 (38.1%) PD patients from the CRC for ESRD in Korea. Table 1 describes baseline demographic characteristics and laboratory parameters for the entire cohort and groups separated by baseline phosphate level. Patients had been on dialysis for a mean of 58.2 months and followed for a mean of 19.8 months. The mean age of the patient population was 58.1 years, and 57.1% were men. Body mass indexes (BMIs) were similar in all groups, and diabetes was the most common primary renal disease in all groups. The group with low serum phosphate showed significantly low serum albumin and creatinine levels and significantly high baseline serum calcium and PTH levels compared to the other groups.
Cause of death
There were 320 deaths during study period: 195 (61%) in the HD group and 125 (39%) in the PD group (Fig 2) . Infectious disease was the most common cause of death in the cohort and occurred in 106 patients (33.1%). Cardiovascular disease was the second most common cause of death, documented in 100 patients (31.3%), followed by deaths with unknown causes in 43 patients (13.4%) and cancer in 34 patients (10.6%).
Association of serum calcium and phosphate with mortality
A Cox proportional hazards model and proportional hazards model for subdistribution of a competing risk were used to calculate adjusted HRs for all-cause and cause-specific mortality in categories of patients who had serum calcium or phosphate levels less than, within, or greater than the recommended targets ( Subgroup analysis Fig 3 shows the forest plot of the results of the subgroup analysis of infection-related mortality at different time points. This analysis revealed that the prognostic value of a low serum phosphate level was significant in high-risk groups such as patients age !65 years or on dialysis one year or longer, or with serum albumin <3.9 g/dL. Other subgroups divided by sex, and underlying diabetes showed no significant infection-related mortality relative to different serum phosphate levels.
Association between serum phosphate level and nutritional markers
The result of multinomial logistic regression analysis with serum phosphate level as the dependent variable showed that serum albumin, creatinine, and BMI were independently associated with low serum phosphate level in both crude and adjusted models (Table 3) . Patients who had higher serum albumin had a 32% lower risk of having a low phosphate level at an interval of 1 g/dL in a model adjusted for other nutritional markers. Additionally, higher serum creatinine and higher BMI were also related to a lower risk of low serum phosphate (5.4% and 4.4% per each unit, respectively). However, a higher total cholesterol level was not associated with low serum phosphate.
Discussion
Several studies have evaluated MBD in CKD or ESRD, and many clinicians are attempting to achieve the KDOQI-MBD target in their patients. However, only a few publications have reported the relationship between low serum phosphate and crude mortality with cause-specific mortality such as that related to infection. According to several previous cohort studies, infection was the second most common cause of death following cardiovascular disease in patients with ESRD [17, 18] . The rates of hospitalization due to infection are increasing [1] , and mortality secondary to sepsis is approximately 50-fold higher in dialysis patients compared with the general population [19] .
In the current study, we confirmed that low serum phosphate is significantly associated with increased all-cause mortality and infection-related mortality in dialysis patients. Of note, we found that low serum phosphate levels combined with being age 65 years or older or with dialysis vintage longer than one year or with a serum albumin level lower than 3.9 g/dL were related to a significantly increased infection-related mortality. The occurrence of hypophosphatemia in dialysis patients is caused by avoidance of phosphate-containing food (milk, meat, fish, eggs, etc.), malnourishment, parenteral nutrition, and use of medications such as phosphate-binding antacids or erythropoietin [20, 21] . Some studies have already reported strong relations between hyperphosphatemia or hypercalcemia and elevated mortality among ESRD patients [5, 22] . One effect of these conditions is calcification of the systemic vasculature, including the coronary arteries, and the calcification has been associated with increased arterial stiffness and mortality [23] . However, hypophosphatemia is considered less important than hyperphosphatemia or hypercalcemia and remains poorly studied. Cardiovascular death is the most common cause of death in western ESRD patients, but few patients have hypophosphatemia-about 8% in various cohorts [24] [25] [26] -so it is hard to evaluate cause of death in this minor population.
In this cohort study, the most common cause of death in dialysis patients was infectionrelated. This result is different from western studies in which cardiovascular death was reported to be a leading cause of death in ESRD patients [17, 18] . We have already confirmed in our previous study that infection was the most common cause of death in our Korean ESRD cohort [15] , which we have verified again here. Cardiovascular death was the second most common cause of death in this Korean cohort, a difference from western groups that might be related to a relatively low obesity rate and low percentage of comorbid diseases such as congestive heart failure, coronary artery disease, and peripheral vascular disease. The obesity rate among Korean adults is very low compared to other Organization for Economic Co-operation and Development (OECD) countries, according to a 2014 OECD report (Korea 4.6%, United States 35.3%, Australia 28.3%, and New Zealand 31.3%) [27] . In addition, in our cohort, the rate of causable comorbidities, such as congestive heart failure, coronary artery disease, and peripheral vascular disease, was much lower than in the US population [17] or ANZDATA registry [18] . Furthermore, the percentage of hypophosphatemia was almost 15% in this Korean cohort group, which was nearly double compared with other western studies [24] [25] [26] . We speculated that a Korean diet and use of drugs might affect this result, so we sought to evaluate the relations between hypophosphatemia and infection-related mortality more precisely.
We were able to show that low serum phosphate in dialysis patients was associated with allcause mortality and infection-related mortality. The main mechanisms underlying the association are not yet known, however. We focused on that phosphate might also be a nutritional biomarker, and low phosphate could represent poor nutritional state as demonstrated in previous studies [28, 29] . Furthermore, there is a possibility that this poor nutritional state is associated with susceptibility to infection. The result of multinomial logistic regression analysis supported our hypothesis. There were close relations between low serum phosphate level and other nutritional biomarkers, such as serum albumin, creatinine, and BMI. Serum albumin is the most commonly used and reliable nutritional marker in CKD and ESRD patients, and protein-rich foods are the main source of dietary phosphate [30] . Serum creatinine is a useful biochemical marker for assessing nutritional status in maintenance dialysis patients, as well [31] . Therefore, a low phosphate level is considered to represent poor nutritional status.
Also, in this study, serum total cholesterol level was not related with serum phosphate level. Though previous studies have reported it correlated with nutritional status in chronic dialysis patients, the former might be a less sensitive nutritional biochemical marker [31, 32] . Generally, it is rare for decreased intake alone to cause hypophosphatemia [22] , but malabsorption and use of specific drugs, such as phosphate-binding antacids or erythropoietin, can decrease intestinal phosphate absorption or shift phosphate from the extracellular space into the cell [21] . Neutrophil dysfunction caused by hypophosphatemia is another possible explanation for this result. Hypophosphatemia can reduce the ATP content of leukocytes and attenuate neutrophil phagocytosis, intracellular killing, consumption of oxygen, and generation of superoxide during phagocytosis [22] . As a result, susceptibility to infection could be increased.
In the subgroup analysis, low phosphate in patients aged 65 years or older or on dialysis more than one year or with a serum albumin level less than 3.9 mg/dL was significantly associated with infection-related mortality. Hence, we should attend more to controlling serum phosphate level in this high-risk group.
The strength of our analysis is that we used a large prospective cohort of patients with established kidney failure on both HD and PD therapy from CRC for ESRD in Korea. In addition, we introduced a time-dependent model to demonstrate association regarding time. Recent cohort studies have shown conflicting results. Rivara et al. [33] reported no relationship between low serum phosphate, and all-cause and cause-specific mortality in a US ESRD population. Another large cohort study undertaken in Asia, however, reported that low serum phosphate level was associated with high all-cause mortality in dialysis patients [34] . Nevertheless, a relationship between low serum phosphate level and cause-specific mortality including infection-related mortality was not established. To our best knowledge, this is the first large-scale study based on a prospective cohort to investigate the relations between low serum phosphate level and infection-related mortality in dialysis patients.
There are some limitations in this study. First, this is an observational study, thus it is difficult to clarify the causal relationship between variables. Second, for the purpose of improving generalizability of the result, we included both incident and prevalent dialysis patients in study cohort. There, however, is a possibility of selection bias. To control this, all models were adjusted for dialysis vintage in study population and time dependent models were applied. We did not find any significant association between serum calcium level and any type of mortality. This result might be related to the fact that the number of patients in each classified group was relatively low and the follow-up duration was short in this cohort study. Larger and long-term follow-up studies are deemed necessary in the near future.
In conclusion, a low serum phosphate level in dialysis patients was significantly associated with high infection-related mortality. In particular, we found a stronger association in older patients or long-term dialysis patients or patients who had low serum albumin. A low phosphate level is considered to be a nutritional biomarker because of its close relationship with other nutritional markers, such as serum albumin, creatinine level, and BMI. Therefore, these results suggest that it seems reasonable for ESRD patients to adequate phosphate level, and it might be helpful to prevent worse outcomes. Clinicians should pay more attention to patient nutritional status. 
